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Abstract 
Aeolian systems were abundant and widespread in the early Proterozoic, post-2.2 Ga. 
However, the majority of aeolian successions of such great age are intensely deformed 
and are preserved only in a fragmentary state meaning that, hitherto, few attempts 
have been made to apply a sequence stratigraphic approach to determine mechanisms 
of aeolian construction, accumulation and preservation in such systems. The 
Mangabeira Formation is a well preserved Mesoproterozoic erg successions covering 
part of the São Francisco Craton, northeastern Brazil. The lower unit of the Mangabeira 
Formation (~500 m thick) comprises aeolian deposits of dune, interdune, and sand-
sheet origin, as well as some of waterlain origin. These deposits are organized into 
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vertically stacked depositional cycles, each 6 to 20 m thick, and characterized by 
aeolian sandsheet and waterlain deposits succeeded by aeolian dune and interdune 
deposits indicative of a drying-upward trend. Aeolian cross-strata exhibit a mean dip 
direction to the north. Each of these cycles likely arose in response to climatic 
oscillation from relatively humid to arid conditions, possibly related to orbital forcing. 
The lower unit of the Mangabeira Formation comprises up to 14 erg sequences. The 
accumulation and preservation of each was determined by the relative rate of water-
table rise and the availability of sand for aeolian transport, both of which changed 
through time, resulting in the preservation of a succession of repeated drying-upward 
cycles.  
Keywords: Mesoproterozoic age; aeolian succession; erg margin; drying-upward 
cycles; climatic oscillations 
1. Introduction 
 The recognition of aeolian deposits and the interpretation of 
palaeoenvironments of aeolian origin in Precambrian successions may be attempted 
through the implementation of techniques of facies analysis, although the deformed 
and fragmentary state of preservation of the great majority of outcropping successions 
of this age make such analysis challenging. Study techniques involve the identification 
of diagnostic sedimentary structures and textures indicative of aeolian processes, 
including various types of cross-bedded sets composed internally of various 
arrangements of wind-ripple, grainflow and grainfall strata, and intervening, horizontally 
laminated sets of wind-ripple, adhesion and granule-ripple strata (Kocurek, 1996; 
Mountney, 2006). Although Precambrian aeolian successions are well documented 
(Eriksson and Simpson, 1998; Rodríguez-López et al., 2014), relatively few studies 
have undertaken a detailed analysis of the facies architecture of these aeolian 
successions with the aim of gaining an improved comprehension of the stratigraphic 
evolution and palaeoenvironment (Ross, 1983; Jackson et al., 1990; Chakraborty, 
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1991; Simpson and Eriksson, 1993; Basu et al., 2014; Heness et al., 2014). Studies of 
Proterozoic successions are notably important for determining aeolian-system 
dynamics that prevailed prior to the evolution of land plants; results of such studies find 
direct application to gaining an improved understanding of sedimentary processes that 
prevailed on other planets, for example aeolian processes on Mars, where different 
ancient (Grotzinger et al., 2005) and recent deposits (Sullivan et al., 2005; Hayes et al., 
2011) of aeolian dunes have been identified. 
The aim of this study is to undertake a lithofacies and architectural-element 
analysis of aeolian and related deposits of the Mangabeira Formation to reconstruct the 
detailed palaeoenvironment of this ancient desert system and thereby determine the 
controls that gave rise to its accumulation and preservation. Specific research 
objectives of this study are as follows: (i) to employ lithofacies and architectural-
element analysis to reconstruct and interpret the various aeolian sub-environments 
represented by the preserved aeolian sequences; (ii) to propose a depositional model 
for the evolution of the Mangabeira Formation; and (iii) to discuss the main variables 
that controlled the construction, accumulation and preservation this Proterozoic aeolian 
succession. 
 
2. Background 
 To understand the palaeoenvironmental significance of preserved aeolian 
sedimentary architecture, and to attempt a detailed palaeoenvironmental 
reconstruction, determination of three phases of aeolian system evolution is required: 
aeolian system construction, accumulation and preservation (Kocurek, 1999; Kocurek 
and Lancaster, 1999). In many studies of Phanerozoic aeolian successions, preserved 
aeolian accumulations are commonly divided into sequences, each of which represents 
a phase of aeolian construction and accumulation. These sequences commonly occur 
vertically stacked to form a succession, whereby each sequence is delimited by a 
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laterally extensive supersurface that marks a hiatus in the accumulation process, and 
which may be associated with evidence indicative of aeolian deflation (i.e. net erosion) 
(Loope, 1985; Kocurek and Hunter, 1986; Langford and Chan, 1988; Clemmensen and 
Hegner, 1991; Mountney et al., 1999; Scherer and Lavina, 2005; Mountney, 2006). 
Thus, supersurfaces are types of sequence boundaries (Kocurek, 1988). The 
recognition of supersurfaces forms the basis for defining a sequence stratigraphic 
framework for aeolian successions. However, the recognition of supersurfaces in 
Precambrian aeolian successions, as well as the construction of models related to the 
spatial and temporal evolution of the aeolian units, has not been widely attempted 
previously (see Deynoux et al., 1989). Aeolian successions of Precambrian age are 
typically highly fragmentary such that they lack the lateral continuity of exposure 
required to demonstrate the relationships between sequences and their bounding 
supersurfaces. Furthermore, subtle lithofacies relationships are typically not well 
preserved in these ancient ฀– and commonly deformed and metamorphosed ฀– 
successions (Eriksson and Simpson, 1998; Bose et al., 2012). 
 Individual supersurfaces and the sequences that they bound commonly extend 
over large geographic areas, and correspond to individual and distinct aeolian ergs 
(dune fields) that were constructed and accumulated. Individual sequences represent 
the preserved deposits of distinct ergs, each of which may be separated from 
neighbouring erg sequences in both space and time (Kocurek, 1988). The 
supersurfaces that bound these sequences represent hiatuses in aeolian accumulation 
(Loope, 1985; Clemmensen et al., 1989; Deynoux et al., 1989; Kocurek et al., 1991a; 
Lancaster, 1992). Supersurfaces serve as the basis for the definition of the limits of 
aeolian genetic units. Lithofacies arrangements within these aeolian genetic units yield 
information about the process of sedimentation. Assemblages (associations) of 
lithofacies are themselves contained within elements that represent the individual 
components (architectural elements) of aeolian systems, such as dunes of different 
morphological types, interdunes and sand flats. Architectural elements provide 
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information about the morphology of the original sedimentary sub-environments, and 
the main controls on their accumulation and preservation (Havholm and Kocurek, 1994; 
Veiga et al., 2002; Scherer and Lavina, 2005; Mountney, 2006). 
 
3. Geological Setting 
 The São Francisco Craton is located in northeast Brazil (Fig. 1a) and comprises 
Archean/Palaeoproterozoic basement rocks composed of metamorphic and 
supracrustal rocks, which are overlain by a Palaeoproterozoic to Phanerozoic 
sedimentary cover succession (e.g., Almeida, 1977; Barbosa et al., 2004; Cruz and 
Alkmim, 2006; Alkmim and Martins-Neto, 2012). One the main physiographic feature of 
the São Francisco Craton is the Chapada Diamantina Range (Fig. 1b). Here, the 
Espinhaço Supergroup and the São Francisco Supergroup are the main sedimentary 
units: the former is of Palaeoproterozoic to Neoproterozoic age and principally 
comprises siliciclastic rocks; the latter is characterized mainly by carbonate 
successions of Neoproterozoic age (Fig. 1b). 
 The Espinhaço Supergroup spans an age range from c. 1.75 to 0.9 Ga based 
on radiometric age constraints (Schobbenhaus et al., 1994; Babinski et al., 1999) (Fig. 
2). This unit is composed principally of clastic sedimentary rocks of continental and 
coastal origin (Alkmim and Martins-Neto, 2012; Danderfer et al., 2009; Pedreira and de 
Waele, 2008), and associated volcanic deposits (Schobbenhaus et al., 1994; Babinski 
et al., 1999). The full Espinhaço succession comprises three megasequences termed 
the Lower, Middle and Upper sequences (Chemale et al., 2012; Santos et al., 2013; 
Guadagnin et al., 2015b) (Fig. 2) . These megasequences accumulated in numerous 
basins developed in response to at least two phases of rifting. 
 The Lower Megasequence (1.8 to 1.68 Ga) is characterized by alkaline, acid 
volcanism followed by siliciclastic deposition (Fig. 2); these deposits form the majority 
of the fill of a series of rift basins (Guimarães et al., 2008; Alkmim and Martins-Neto, 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
 
6 
 
2012). The overlying and stratigraphically younger Middle Espinhaço Megasequence 
comprises continental and coastal deposits (Fig. 2) deposited during the Calymmian 
(1.6 to 1.38 Ga) (Pedreira, 1994; Guimarães et al., 2008; Pedreira and de Waele, 
2008; Alkmim and Martins-Neto, 2012; Guadagnin et al., 2015a, 2015b). This 
megasequence is represented by the Mangabeira, Açuruá and Tombador formations. 
 Of these, the Mangabeira Formation is the focus of this study. This unit was 
defined by Schobbenhaus and Kaul (1971) and interpreted by Pedreira (1994); it 
records the accumulation of a palaeo-desert environment, with aeolian dunes and wadi 
deposits. The Mangabeira Formation has a radiometric age date ca. 1.5 Ga, based on 
dates derived from mafic sills and dyke swarms that cut the base of the formation 
(Babynski et al., 1999; Silveira et al., 2013). The Lower Unit of the Mangabeira 
Formation crops out over ~50.000 km2 across the São Francisco Craton. The outcrops 
of this unit examined for this study are located in the southern area (~1200 km2) of the 
Chapada Diamantina Domain (Fig. 1c), where outcrops tat reveal subtle sedimentary 
structures are best preserved. Other areas of the São Francisco Craton have been 
subject to intensive deformation and metamorphism, rendering the succession 
elsewhere unsuitable for sedimentary lithofacies and sequence stratigraphic analysis. 
The basal contact between the underlying Lagoa de Dentro Formation and the 
Mangabeira Formation is not exposed in the studied area. The upper contact with the 
overlying Açuruá Formation is sharp. 
 
4. Methods 
 In the Mangabeira Formation, 11 detailed graphic sedimentological sections 
with a total combined thickness of ~500 m were measured at 1:100 scale. These logs 
record grain size, physical sedimentary structures and palaeocurrent data (281 
readings). Palaeocurrents were determined from the dip azimuths of foresets present in 
cross-bedded sandstone sets (Fig. 3). The azimuth and dip angle of the dune foresets 
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were later corrected to remove the effects of structural tilt. A series of two-dimensional 
panels detail the sedimentary features of a 480 m-long outcrop section. Five ground-
penetrating radar (GPR) survey lines, which are collectively 3.3 km long, image the 
geometry of preserved sets. The GPR lines were collected in front of the outcrops 
along a roadside section. These data have assisted in the establishment of geometric 
relationships between facies associations. The GPR data were collected using a 
Subsurface Interface Radar (SIR) 3000 system developed by Geophysical Survey 
System, Inc. (GSSI), using 200 and 400 MHz antennae. Position and local topography 
was determined using a Global Positioning System (GPS) survey; spatial resolution 
was 0.1 m. The processing of these data was undertaken using Reflexw 6.1 software. 
 
5. Results 
Four distinct facies associations are identified in the deposits of the Lower Unit 
of the Mangabeira Formation and these are each ascribed to a particular sub-
environment (Table 1): aeolian dune (A1), aeolian interdune (A2), aeolian sand sheet 
(A3), and fluvial (A4). 
 
5.1. Aeolian Dune Association (A1) 
5.1.1. Description 
 This facies association comprises fine- to medium-grained sandstone 
composed of grains that are well-rounded to sub-rounded, well-sorted or in some cases 
bimodally sorted. The sandstone deposits are arranged into cross-stratified sets, each 
0.2 to 1.5 m thick. The majority of sets are characterized internally by foresets inclined 
at 20 to 25º relative to set bases. These cross-beds form wedges of sand flow (i.e., 
grainflow) strata, each 10 to 80 mm thick (Fig. 4a), that pinch out down-dip where they 
are interbedded with deposits of 5 to 10 mm-thick wind-ripple laminae (Fig. 4b). The 
sandstone bodies occur as co-sets of strata that are themselves 0.2 to 3 m thick, and 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
 
8 
 
which are arranged into tabular sand bodies that have lateral extents of up to 40 m, 
and that are defined by sharp boundaries. The individual wedge-shaped sets that 
comprise these co-sets occur at two distinct scales: 0.2 to 0.5 m thick and up to 1.5 m 
thick. In orientations transverse to the dip direction of inclined foresets within sets, 
packages of cross-strata are characterized by trough-shaped bodies, each up to 10 m 
wide and each delineated by a basal bounding surface. In orientations parallel to the 
dip direction of inclined foresets, cross-strata are tangential to planar basal bounding 
surfaces, which are themselves near-horizontal or are inclined gently (<5°) in the 
direction opposite to the dip of the foresets. Internally, the cross-bedded sets can be 
subdivided into sub-sets, which are themselves bounded by inclined surfaces that dip 
up to 15º. These surfaces truncate the cross-strata below but overlying cross-strata 
above are concordant (Fig. 4c). These inclined surfaces are bounded by gentle/near 
horizontal, downwind dipping surfaces. Foreset dip azimuths are variable in the range 
to 045º to 335º. Most foresets dip <20º, though inclinations vary from 18º to 40º in 
some places. The lower and upper boundaries that define larger packages of strata 
comprising this facies association are abrupt and planar. 
 
5.1.2. Interpretation 
 The trough cross-stratification combined with well-sorted and well-rounded 
texture of the sand grains, and the presence of grainflow and wind-ripple laminae 
indicates deposition from migrating aeolian dunes (Hunter, 1977). The common trough-
tangential pattern of cross-stratification combined with high dispersion values of the 
foreset dip azimuths indicates deposition of 3D-crescentic bed forms (Fig. 3). The 
presence of grainflow strata indicated by foresets present in the upper parts of 
preserved sets indicates that bed forms possessed well-developed slipfaces (Hunter, 
1977). The down-dip pinch of the grainflow strata and their interfingering with wind-
ripple lamination in the lower parts of sets demonstrate that lee-slope grainflow 
avalanches reached the toesets of the bed forms. Wind ripples migrated over the dune 
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plinths (Scherer, 2000; Mountney, 2006). The near-horizontal to low-angle surfaces 
inclined in the direction opposite to the dip of the foresets observed in sections oriented 
parallel to palaeoflow are interpreted as interdune migration surfaces formed through 
the climbing of aeolian dunes (Kocurek, 1996). The trough-shaped geometry of the 
interdune surfaces observed in orientations transverse to palaeoflow indicates that the 
main bedform crestlines were high sinuous. The stacking of numerous sets bounded by 
trough-shaped interdune surfaces indicates the migration of successive, out-of-phase 
sinuous aeolian dunes (Rubin, 1987). The inclined bounding surfaces that occur 
internally within cross-bedded sets and which dip in a similar direction to the cross-
strata are most readily interpreted as reactivation surfaces (Kocurek, 1996). These 
surfaces indicate partial lee-side erosion during minor changes in wind direction and/or 
strength (Brookfield, 1977; Rubin and Hunter, 1982; Hunter and Rubin, 1983; Scherer 
and Lavina, 2005; Mountney, 2006). These reactivation surfaces are themselves 
truncated by interdune surfaces (Kocurek, 1981a, 1991). 
 
5.2. Aeolian Interdune Association (A2) 
5.2.1. Description 
 This facies association comprises sandstone composed of grains that are well-
sorted and well-rounded to sub-rounded. The sandstone occurs as irregular beds that 
are each 0.1 to 0.2 m thick and 10 to 20 m in lateral extent (Fig. 5a, 5b). Two types of 
structures are identified in this facies association. The first is represented by very fine- 
to fine-grained sandstone identified by 5 to 10 mm-thick, inversely graded, horizontal 
lamination that forms translatent strata (sensu Hunter, 1977) (Fig. 5c, 5d). The second 
is represented by very fine- to fine-grained sandstone packages that are each 0.5 to 10 
cm thick and which alternate with 10 to 30 mm-thick irregular mudstone laminae to 
form wavy and corrugated (crinkly) lamination (Fig. 5d, 5e). At a larger scale, these 
deposits occur intercalated with aeolian dune cross-strata of association A1. The basal 
bounding surfaces that delineate accumulations of association A2 are sharp and 
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commonly slightly erosive; the upper bounding surfaces are sharp but non-erosional 
(Fig. 5a). 
 
5.2.2. Interpretation 
 The occurrence of laterally discontinuous and irregular beds of translatent 
strata, and wavy and corrugated lamination, and their intercalation with aeolian dune 
cross-strata accumulations of association A1 indicates a facies association typical of an 
aeolian interdune setting (Mountney, 2006). The two sedimentary structures types 
indicate that the interdune deposits accumulated in response to two types of substrate 
condition. The inversely graded, horizontal lamination (translatent strata) arose in 
response to the subcritical climb of wind-ripple strata (Hunter, 1977), and is indicative 
of accumulation on a dry substrate where the water table and its capillary fringe lay 
beneath the accumulation surface. The wavy and corrugated (crinkly) lamination is 
most obviously interpreted as the preserved product of adhesion structures 
accumulated on a damp substrate, and indicates a setting where the water table was 
located close to the accumulation surface (Kocurek and Fielder, 1982; Mountney and 
Thompson, 2002; Paim and Scherer, 2007). A possible alternative interpretation for the 
corrugated (crinkly) lamination is a microbial origin. Souza (2012) described several 
types of wavy and wrinkle lamination features in the aeolian interdune deposits of the 
Mangabeira Formation and interpreted them as microbially induced sedimentary 
structures (MISS). Such MISS structures are syndepositional features formed by the 
interaction of biofilms or microbial mats with the physical sediment in aquatic 
environments (Noffke, 2010). The occurrence of MISS in Precambrian aeolian deposits 
has also been observed previously by other workers, including, for example, by Sarkar 
et al. (2008) in the Neo-proterozoic Sonia Sandstone (India) and by Eriksson et al. 
(2000) in the Palaeo-proterozoic Waterberg Group (South Africa). The latter authors 
described muddy roll-up structures in damp interdune settings where ephemeral ponds 
are thought to have enabled the establishment of microbial communities. The thin 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
 
11 
 
interdune deposits of association A2 described here are indicative of dry and damp 
interdune hollows or corridors present between the aeolian dunes represented by 
deposits of association A1. The small preserved thickness and limited lateral extent of 
the interdune deposits likely indicates that they accumulated in isolated interdune 
hollows surrounded by dunes (cf., Mountney and Jagger, 2004). 
 
5.3. Aeolian Sandsheet Association (A3) 
5.3.1. Description 
 This facies association comprises very-fine- to medium-grained sandstone, 
grains of which are moderately sorted. These sandstones are arranged into sets 
characterized by low-angle-inclined stratification (<5º). These sets are 0.6 to 6 m thick 
and have a tabular geometry with a lateral extent up to 50 m. Internally, these sets are 
characterized by several structures which occur interlayered in the studied sections as 
packages of strata that vary from 0.6 to 1 m thick. The main lithofacies are: (i) 5 to 10 
mm-thick, inverse graded, horizontally to low-angle translatent lamination arranged into 
sets that are themselves 0.1 to 0.2 m thick (Fig. 6a); (ii) tangential cross-stratified 
sandstones that form lenticular and laterally discontinuous sets up to 0.2 m thick (Fig. 
6b), and which are formed entirely by inverse graded lamination; and (iii) 5 to 20 mm-
thick packages of interlayered sandstone and mudstone, with crinkly lamination, in sets 
that are 50 to 100 mm thick and which are laterally traceable for up to 10 m (Fig. 6c). 
These deposits both overlie and are themselves overlain by the aeolian dune deposits 
of association A1; bounding surfaces are sharp and horizontal. These deposits 
commonly occur intercalated with waterlain deposits of association A4 (see below). 
 
5.3.2. Interpretation 
 The tabular sandstones with low-angle-inclined stratification are interpreted as 
aeolian sandsheet accumulations. The thin, horizontal to low-angle-inclined translatent 
strata with inverse grading laminae represent ripple deposits formed by the migration 
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and climbing of wind ripples over a dry depositional surface (Hunter, 1977). The 
tangential cross-beds are interpreted as small aeolian dunes; the laterally 
discontinuous extent of the cross-bedded sets, and their style of interlayering with the 
horizontal to low-angle-inclined wind-ripple strata indicate that these small bed forms 
migrated and accumulated episodically and fortuitously as local accommodation 
became available. The deposits of interlayered sandstone and mudstone with the 
crinkly lamination are interpreted as adhesion-ripple strata. Accumulation of sets of 
adhesion lamination requires a water-saturated substrate, whereby loose sand grains 
blown by the wind adhere to a damp or wet surface as they make contact with it, and 
progressively accumulate (Kocurek and Fielder, 1982; Kocurek and Nielson, 1986; 
Chakraborty and Chaudhuri, 1993; Scherer and Lavina, 2005). The common and 
repeated stacking of packages of adhesion strata, translatent wind-ripple strata and 
waterlain deposits is typical of a sand sheet setting in which the local water table 
repeatedly fluctuated in level (possibly seasonally), and for which there were temporal 
changes in the availability of dry sand for aeolian transport (Chakraborty and 
Chaudhuri, 1993; Scherer and Lavina, 2005). 
 
5.4. Fluvial Association (A4) 
5.4.1. Description 
 This facies association comprises fine- to medium-grained sandstone, grains of 
which are moderately sorted and characterized by ripple cross-stratification. These 
sandstones occur as 0.1 m-thick sets (Fig. 6d, 6e), groups of which occur collectively 
as stacked co-sets that are themselves 1 to 2 m thick and and over 20 m long (outcrop 
maximum extent). Rare, small-scale (< 0.2 m thick) soft-sediment deformation 
structures in the form of simple load-cast structures are present on some bedding 
surfaces. These structures are irregular, in the form of rounded lobes, laterally restrict 
(Fig. 6f). Thin lenses and drapes of massive mudstone (up to 10 mm thick) are also 
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rarely observed. Accumulations of this association commonly occur in close proximity 
to the aeolian sandsheet deposits of association A3. 
 
5.4.2. Interpretation 
 The fine- to medium-grained sandstone with ripple-cross stratification is 
interpreted as the product of the migration and accumulation of 2D or 3D ripples of 
subaqueous origin formed in the lower flow regime (Miall, 1977). The minor occurrence 
of mudstone drapes indicates settling of suspended sediments in a low-energy 
environment, probably in the aftermath of ephemeral floods (Miall, 2006). The simple 
load-cast structures were likely generated in response to fluidization in unconsolidated 
sediments, whereby water-saturated layers lose strength (Owen, 2003). 
6. Stratigraphic Architecture: Drying-Upward Cycles 
 The Lower Unit of the Mangabeira Formation comprises at least 14 stacked, 
aeolian-dominated sedimentary cycles through the ~500 m-thick succession (Fig. 7). 
Each accumulated cycle consists of aeolian sandsheet and waterlain deposits that are 
replaced upward by aeolian dune and interdune deposits. Each cycle is bounded at its 
base and top by laterally extensive, near-horizontal surfaces. The vertical arrangement 
of facies defines a drying-upward trend and this trend is repeated within each cycle. 
The drying-upward cycles recognized in outcrop and in the GPR profile are each 6 to 
20 m thick (Fig. 8). 
 The near-horizontal surfaces that mark the base and top of each cycle are 
planar and laterally extensive; they can be traced across outcrops and are also evident 
in the GPR data (Fig. 8). However, in contrast to other examples of similar surfaces 
documented in the literature (e.g. Loope, 1985; Kocurek and Hunter, 1986;   Fryberger 
et al., 1988; Mountney, 2006; Rodríguez-López et al., 2008), these surfaces are not 
associated with salt pseudomorphs or other salt-related features, nor calcrete horizons 
or carbonate cements. 
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 The lowermost deposits of each cycle comprise aeolian sandsheet (A3) and 
waterlain (A4) deposits in packages of accumulated strata that are 1 to 6 m thick. 
Internally, the aeolian sandsheet and waterlain deposits comprise arrangements of 
lithofacies that are themselves arranged into small-scale cycles that comprise adhesion 
ripples and waterlain deposits overlain upward by wind-ripple and minor, small-scale 
sets of aeolian dune strata. These deposits of associations A3 and A4 are themselves 
overlain by aeolian dunes (A1) and interdunes (A2) in the upper part of each 
depositional cycle. 
The uppermost deposits are defined by a set of small-scale sets aeolian cross-
strata (5 to 10 m thick) which progressively increase in thickness up-succession to a 
set of medium- to large-scale sets aeolian cross-strata (5 to 8 m thick). The 
configuration of aeolian dune and interdune strata is distinct within each cycle 
(sequence). Most commonly, the succession is characterized by vertically stacked 
aeolian dune deposits (A1) alone. In such cases, each aeolian dune set is separated 
from an overlying dune set by a sharp bounding surface, with no evidence of 
accumulation of interdune deposits. Less commonly, and only in some aeolian 
sequences, sets of aeolian dunes deposits (A1) occur interbedded with dry or damp 
interdune deposits of association A2. Such interdune deposits are typically restricted in 
their lateral extent (10 to 20 m wide). 
 
7. Depositional Model 
 Throughout the studied ~500 m-thick vertical succession, multiple dry-upward 
cycles have been observed. The predictable arrangement of facies within each cycle 
and the repetition of this trend in each of the vertically stacked cycles demonstrate that 
a repeating set of external controls influenced sediment accumulation in the Lower Unit 
of the Mangabeira Formation. The drying-upward climatic trends indicated by the 
deposits of each cycle, and the capping of these cycles by laterally extensive bounding 
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surfaces is the preserved record of distinct phases of accumulation and destruction of 
an aeolian dune-field (erg) system. Multiple ergs were constructed, accumulated and 
then partially deflated over time (Fig. 7), as explained below. 
Erg dynamics are driven by different factors: (i) the generation and storage of 
and supply of sediment suitable for aeolian transport; (ii) the availability of dry sand for 
aeolian transport; (iii) the transport capacity of the wind; and (iv) water table behaviour. 
The interaction of these controls determines how aeolian systems are constructed, 
accumulated and eventually preserved over time and space (Kocurek and Havholm, 
1993; Kocurek, 1999). 
The lowermost deposits in each depositional cycle represent the development 
of wet aeolian systems in which aeolian sandsheets accumulated in association with 
waterlain deposits. The dominance of adhesion structures and their close association 
with wind-ripple strata indicates that a near-surface water table and its capillary fringe 
controlled the accumulation of these deposits but that its level fluctuated to allow drying 
of the accumulation surface at times (Cain and Mountney, 2011). Specifically, the 
small-scale cycles observed within these deposits, in which adhesion-ripple strata and 
waterlain structures giving way upwards to wind-ripple strata and rare small-scale sets 
of aeolian-dune strata, indicate that the position of the water table relative to the 
accumulation surface changed over time (cf., Mountney and Thompson, 2002). During 
episodes when the water table was relatively low, the availability of dry sand above 
depositional surface increased, favouring the accumulation of wind-ripple strata. The 
waterlain deposits of association A4 are typical of accumulation in the aftermath of 
episodes of intense precipitation, which resulted in fluvial incursion into the erg margin, 
thereby driving an associated rise in the water-table level (Langford and Chan, 1989; 
Al-Masrahy and Mountney, 2015). As a consequence, this restricted the availability of 
dry sand for aeolian transport. This stacking pattern is similar to the cyclically arranged 
packages of aeolian sandsheet strata described by Chakraborty (1991) in the late 
Proterozoic Venkatpur Sandstone, India, in which he ascribed deposits to drying-
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
 
16 
 
upward cycles recorded in a zone of transition between an erg-margin setting and an 
aeolian dune-field setting. 
Given the Precambrian age of the Mangabeira Formation, the absence of 
terrestrial vegetation ฀– which in post-vegetation desert system operates as an 
important runoff inhibitor and sediment-binding mechanism through the development 
deep root systems ฀– would have resulted in large areas being particularly susceptible 
to sediment entrainment and reworking by fluvial flash-flood discharge ฀r฀e฀g฀i฀m฀e฀s฀.฀ ฀―฀Dry" 
aeolian deposits that lay above the water table would have been particularly 
susceptible to fluvial reworking (cf., Cain and Mountney, 2011), and would have low 
preservation potential (Eriksson and Simpson, 1998; Eriksson et al., 1998). 
Furthermore, prolonged periods of precipitation allied with an absence of soil-forming 
processes and a lack of binding mineral cements would facilitate the rapid infiltration of 
surface water, thereby potentially contributing to a rapid rate of rise of the local water 
table in the aftermath of fluvial flood events (Tirsgaard and Øxnevad, 1998; Al-Masrahy 
and Mountney, 2015). 
 The wet aeolian systems represented by the lower deposits in each preserved 
depositional cycle were succeeded by a largely dry aeolian system represented by the 
overlying deposits. These aeolian systems developed in a context where the water 
table lay beneath the accumulation surface, leaving dry sediments potentially available 
for aeolian transport, given an appropriate aerodynamic configuration (Kocurek and 
Havholm, 1993). Accumulation in a dry aeolian system requires a positive net sediment 
budget. Conditions that favour dry aeolian system accumulation are as follows: (i) the 
generation of a sediment supply that is available for aeolian transport; (ii) a 
downstream decrease in the transport rate, and/or decrease in sediment concentration 
over time such that sand saturation (i.e., complete cover) of the substrate ensues 
whereby aeolian dunes grow to cover the entire accumulation surface at the expense 
of adjacent interdune flats; and (iii) the onset of climbing of migrating aeolian dunes 
over one another at a positive angle leading to accumulation. At times when conditions 
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become favorable for the accumulation of a dry aeolian system, aeolian construction, 
accumulation, bypass and deflation are controlled exclusively by aerodynamic 
behaviour of the flow (Kocurek and Havholm, 1993; Scherer and Lavina, 2005; 
Kocurek and Ewing, 2012). 
 The occurrence of depositional cycles, which internally comprise a predictable 
vertical order of facies and which are each of a similar thickness and themselves 
stacked vertically, suggests that allogenic factors controlled the accumulation of each 
cycle and the repeated development of each successive cycle (Fig. 7). Within each 
cycle, the repeated occurrence of interdune deposits with adhesion-ripple strata and 
possible MISS indicates that the water table episodically intercepted the accumulation 
surface. Such deposits are evidence of the development of small, ephemeral ponds in 
the spatially confined interdune depressions between the aeolian dunes. 
In many sections, the occurrence of small-scale sets of cross-strata is replaced 
upward by medium- to large-scale sets, many examples of which lack associated 
interdune elements. This could reflect either a temporal increase in aeolian bed form 
size or in angle of climb (Kocurek and Havholm, 1993; Mountney, 2006). Both of these 
conditions could result from an increase in the availability of sand for aeolian transport 
and bedform construction leading to accumulation. 
The widespread occurrence of aeolian dune sets dominated by grainflow strata 
indicative of well-developed slipfaces that passed downslope into wind-ripple 
dominated dune plinth areas allied with the dominantly unimodal dip to the NNE of 
foreset azimuths is typical of simple crescentic dunes migrating under persistent 
unimodal winds that blew to the north-northeast. The absence of large-scale draas 
deposits could suggest accumulation in a setting close to the erg margin, where the 
sediment supply was likely insufficient to construct the very large bedforms, or it could 
alternatively indicate that the studied aeolian succession represents an erg system for 
which the supply of sand was limited. 
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 Each preserved aeolian depositional cycle is bounded by a laterally extensive, 
continuous, non-climbing surface that truncates underlying sets of dune strata in an 
erosional contact. These are deflationary supersurfaces (Loope, 1985; Kocurek and 
Havholm, 1993) and each represents the termination of an episode of erg 
accumulation. Their occurrence at the top of each cycle throughout the succession 
demonstrates that the formation comprises at least 14 separate sequences. Each 
supersurface records a hiatus in accumulation (Blakey and Middleton, 1983; Loope, 
1985; Talbot, 1985). The genesis of the supersurfaces requires a negative sediment 
budget, where an earlier accumulation is susceptible to erosion. Exhaustion of an 
upwind sand supply is the most likely cause of the onset of supersurface development 
in dry aeolian systems. The successive drying-upward cycles and the nature of the 
deposits indicate distinct and repeated episodes of aeolian accumulation. The planar 
and horizontal geometry of the supersurfaces indicates deflation whereby part of the 
previous, underlying genetic unit was subject to erosion. The absence of a granule or 
pebble deflation lag associated with the supersurfaces indicates the erosion of aeolian 
dune sediments (fine to medium sand). The absence of the features related to surfaces 
created by scour to a near surface groundwater-table (e.g., evaporite cements, 
erosional relief) indicates that deflation occurred only to a level above the water table 
(Kocurek et al., 1991b; Havholm and Kocurek, 1994). 
8. Discussion 
 The Mangabeira Formation of the São Francisco Craton records multiple cycles 
of aeolian accumulation and deflation related expressed as at least 14 drying-upward 
cycles (Fig. 7). The shift between periods of accumulation and deflation in aeolian 
system may occur as a result of change in eustasy, tectonic and climate cycles 
(Kocurek, 1998). There is no evidence for the activity of marine processes in 
influencing aeolian system construction, accumulation and preservation in the Lower 
Unit of the Mangabeira Formation. Tectonic activity determined aeolian system 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
 
19 
 
accumulation, via its role in driving the basin subsidence responsible for generating 
accommodation and by enabling preservation of the sedimentary succession via a net 
long-term relative rise in the water table level. Previous studies (Schobbenhaus and 
Kaul, 1971; Alkmim and Martins-Neto, 2011) show that the Mangabeira Formation 
deposits were deposited in a sag basin that developed as the end-product of a phase 
of Palaeoproterozoic rifting. Such sag basins are characterized by thermal-flexure 
subsidence; local tectonic movements did not apparently influence the high-frequency 
oscillations of the palaeo-water table level (Blakey, 1988; Veiga et al., 2002). In 
consequence of this, the main controlling factor that principally influenced episodes of 
aeolian system accumulation and deflation was climate change. Repeated shifts 
between arid and humid climatic phases changed both the aeolian sediment budget 
and the level of the water table in the basin (Fig. 7). These factors themselves 
influenced governed how the erg sequences accumulated and became preserved. 
 Onset of episodes of aeolian system accumulation occurred during a humid 
climate phase, as demonstrated by aeolian sandsheet deposits, adhesion strata and 
minor waterlain deposits all indicative of a wet aeolian system. In wet aeolian systems, 
a near-surface water table controls accumulation (Kocurek and Havholm, 1993). During 
humid episodes, the availability of sand for aeolian transport is limited since much of 
the surface is damp due to the relatively high, near-surface water table (Kocurek, 
1999). Increased precipitation also increases fluvial run off into the aeolian system, 
thereby driving local water-table rise, further reducing the availability of sand for aeolian 
transport. Such processes inhibit aeolian dune construction, instead favouring aeolian 
sandsheet development (Kocurek and Nielson, 1986). The intercalation of adhesion 
structures and the microbially induced lamination with wind-ripple lamination within an 
aeolian sandsheet facies may indicate fluctuating ground water table in response to 
low-magnitude flood events (Chakraborty and Chaudhuri, 1993) or "freezing" of ripples 
by rising capillary moisture (Kocurek and Nielson, 1986). 
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 As the climate became increasingly arid, the aeolian system changed. Each 
preserved cycle became dominated by dry aeolian sandsheet deposition. These dry 
sandsheets were characterized by wind-ripple strata and small aeolian dunes. In this 
pre-vegetation system, sediment would have been more readily available for aeolian 
transport, even in semi-arid climates, given the absence of the substrate-binding 
effects of vegetation. As the relative water table fell in response to increased aridity, 
large volumes of stored (time-lagged) supplies of sediment would have become 
available for aeolian transport (Simpson and Eriksson, 1993; Trewin, 1993; Kocurek 
and Lancaster, 1999). With increasing aridity, the aeolian sandsheet deposits were 
replaced by climbing aeolian dune systems within a sand sea (erg), thereby 
establishing the dry aeolian system. In dry aeolian systems, the water table and its 
capillary fringe are far below the depositional surface. Therefore aeolian deposition, 
bypass and erosion are entirely controlled by aerodynamic conditions of the flow 
(Kocurek and Havholm, 1993). The accumulation of aeolian dunes commenced when 
the angle of climb became positive. The development of crescentic dunes is associated 
with, limited yet continuous, sand availability (Mckee, 1979). The unimodal wind regime 
was punctuated by annual fluctuations, as revealed by the presence of multiple 
reactivation surfaces identified in the aeolian dune strata. The local occurrence of 
lenses of damp interdune deposits between aeolian dunes indicates an oscillation in 
the ground-water table, with or without a variable angles of bedform climbing 
(Mountney and Thompson, 2002; Mountney, 2012). 
 The climax of aeolian system accumulation was signalled by a change from 
accumulation to deflation. The development of deflationary supersurfaces commonly 
results from an external change forced on the system (Havholm and Kocurek, 1994). 
Most aeolian systems have a finite sediment supply that is used for their construction 
and accumulation. Much of that supply is made available during the transition from 
humid to arid climatic episodes when the water table is low. In response to a protracted 
episode of aridity, the aeolian sand supply was eventually depleted, leading to the 
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onset of aeolian bedform cannibalization and deflation via a change from a positive to a 
negative angle of bedform climb, culminating in the generation of a deflationary 
supersurface (Loope, 1985; Mountney, 2006, 2012). 
 
9. Conclusions 
 Although several aeolian erg successions of Proterozoic age have been 
described previously (see Rodríguez-López, 2014 and references therein), and some 
have been the subject of facies analysis for the purpose of reconstruction of 
palaeoenvironment (Deynoux et al., 1989; Chakraborty, 1991; Simpson and Eriksson, 
1993; Biswas, 2005; Basu et al., 2014), the aeolian succession of the Mangabeira 
Formation represents the only detailed study of a Proterozoic erg succession for which 
a well-defined sedimentary cyclicity has been attributed to successive drying-upward 
cycles. The thickness and vertical facies successions are similar to drying-upward 
cycles widely described in Phanerozoic successions (e.g. Yang and Nio, 1993; George 
and Berry, 1993; Clemmensen et al., 1994; Howell and Mountney, 1997; Veiga et al., 
2002; Mountney 2006), which indicate similar conditions of aeolian construction, 
accumulation and preservation. 
In the lower Mangabeira Formation, 14 drying-upward cycles record distinct 
episodes of sediment accumulation, and establishment and accumulation of distinct 
dune fields. Episodes of aeolian accumulation were followed by partial deflation 
whereby a deflationary supersurface defines the top of each depositional cycle. Four 
distinct facies associations are identified in the deposits of the drying-upward cycles: 
aeolian sandsheet and waterlain deposits pass upward into aeolian dune and interdune 
deposits. The lower and upper parts of each cycle accumulated as wet and dry aeolian 
systems, respectively. The wet aeolian systems accumulated under the influence of a 
near-surface water table. The occurrence of wind-ripple strata, adhesion structures and 
water-lain deposits characterized these systems. Small-scale fluctuations in lithofacies 
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arrangements within these deposits indicate repeated episodes of water-table rise and 
fall relative to the accumulation surface over time. The dry aeolian systems 
accumulated in a setting where the water table and its capillary fringe were 
continuously beneath the level of the accumulation surface. In such systems, sediment 
is potentially available for aeolian transport, given an appropriate aerodynamic 
configuration.  
The nature of the genetic units and the supersurfaces that bound the cycles 
indicates multiple hiatuses in accumulation and repeated partial deflation of parts of the 
succession, likely in response to climatic changes. The depositional architecture of the 
preserved sequences was determined by the complex interaction of water-table 
fluctuations, the generation of a sediment supply, the availability of that sediment for 
aeolian system construction, and changes in the transport capacity of the wind. 
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Figure Captions 
Fig. 1. (A) Location of the São Francisco craton (in black). Position of the Chapada 
Diamantina Range indicated by white square. (B) Simplified geological map of the 
Chapada Diamantina Range, based on Geological Survey of Brazil (CPRM). The 
yellow colour represents the Mangabeira Formation. The area selected for detailed 
study is in a non-deformed part of the Chapada Diamantina Range (black square). (C) 
Localities 1 to 11 represent measured sedimentological sections. 
Fig. 2. Schematic stratigraphic section of the Espinhaço Supergroup at the Chapada 
Diamantina Range. Ages from Guadagnin et al. (2015b). The relationship between 
sedimentary units, depositional environments and tectonic settings are indicated. 
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Fig. 3. Measured sedimentological sections and schematic cross-section showing the 
regional dip-azimuth and the main facies associations and sedimentary structures. The 
rose diagram shows all the foreset dip-azimuth readings. Red arrow indicates the mean 
orientation. 
Fig. 4. The main sedimentary structures on aeolian dunes facies association. (A)  
Intertonguing relationship between grain flow laminae (gf), each 10 to 80 mm thick and 
sub-critically climbing translatent strata (wr) with 5 to 10 mm thick. (B) Stacked wind-
ripple lamination. (C) Wind-parallel section shows aeolian dunes with interdune 
surfaces (I) which separate simple cross-sets. Some sets exhibit reactivation surfaces 
(R). Dune migration direction was from left to right. 
Fig. 5. The main sedimentary structures of aeolian interdunes facies association. (A) 
External geometry of interdunes deposits. Note irregular contact suggesting interdune 
hollow or corridors between aeolian dunes. Wind-oblique section. (B) 10 to 20 cm thick 
unit of damp interdune deposits preserved between aeolian dunes deposits. (C) Dry 
interdune with millimetric, inversely graded, horizontal lamination (wr). (D) Dry to damp 
interdune with wind-ripple lamination (wr) and adhesion lamination (ar). (E) Very fine- 
to fine-grained sandstone alternating with millimetric irregular mudstone laminae; 
exhibits wavy and crinkly lamination (adhesion structures - ar). 
Fig. 6. The main sedimentary structures of aeolian sandsheets and fluvial deposits. (A) 
Millimetric, inverse graded, horizontally to low-angle translatent lamination in aeolian 
sandsheets deposits. Lamination exhibits weak inverse grain-size grading. (B) Isolated 
aeolian dune between sandsheet deposits. Thickness of the bed is 20 cm. (C) 
Millimetric to centimetric sandstones with crinkly lamination. (D) and (E) Centimetric 
subaqueous ripple lamination of fluvial origin. (F) Small-scale load-cast structures (lc) 
interlayered with adhesion structures (ar). 
Fig. 7. Relationship between water-table oscillations, depositional surfaces and facies 
associations observed in the Lower Unit of the Mangabeira Formation. The alternation 
between wet and dry aeolian systems, and the development of supersurfaces. The 
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succession records high-frequency changes of the water table, sediment supply, 
sediment availability and wind transport capacity caused by oscillating climate 
changes. 
Fig. 8. Interpretation of outcrop panel and correlation with the GPR line showing the 
relationship between facies association and supersurfaces. The GPR line was acquired 
along a roadside section directly in front of the outcrop. 
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